Objective: An independent cohort of patients with acute lung injury was used to evaluate the external validity of a simple prediction model for short-term mortality previously developed using data from Acute Respiratory Distress Syndrome Network (ARDSNet) trials.
A lthough mortality from acute lung injury (ALI) has declined over recent decades (1, 2) , it remains a significant challenge in the intensive care unit (ICU). ALI mortality varies by age, comorbidity, and ICU severity of illness and organ dysfunction (3) . Prior studies identified a number of early predictive factors for mortality in ALI and the acute respiratory distress syndrome (4 -6) . A recent study used data from the National Institutes of Heart, Lung and Blood Acute Respiratory Distress Syndrome Network (ARDSNet) low tidal volume trial (ARMA study) (7) to develop a simple, ALI-specific, multivariable predictive model of mortality (8) . This ARDSNet model was validated using an independent data set from the subsequent ARDSNet trial of higher vs. lower positive end-expiratory pressure (Assessment of Low Tidal Volume and Elevated End-Expiratory Lung to Obviate Lung Injury [ALVEOLI] study) (9) .
Simple mortality prediction models can be useful for prognostication of patients cohorts (10) . Before adopting a new prediction model, it is important to evaluate its "generalizability" in two ways (11) . First, one should evaluate the "reproducibility" of the model's mortality predictions among patients not included in the development model but drawn from a similar population as occurred through evaluation of the AR-DSNet model using the ALVEOLI study data (8) . Second, to evaluate "transportability," the accuracy of the model's predictions should be examined in a new patient population with the same disease but with different enrollment methods and patient characteristics (11) .
In this study, our primary objective was to evaluate the "transportability" of the AR-DSNet mortality model in comparing the mortality prediction results from the ARD-SNet's development cohort (ARMA) and internal validation cohort (ALVEOLI) vs. an "external validation" cohort of patients with ALI.
METHODS
Study Population. Our external validation patient cohort used for this analysis is derived from a clinical study of patients with ALI enrolled from 2004 to 2007 from 13 ICUs at four academic teaching hospitals in Baltimore, MD (12) . Patients were eligible for inclusion in the clinical study if they were mechanically ventilated adults (aged Ͼ18 yrs) with ALI as defined by the American-European Consensus Conference (13) . Relevant exclusion criteria for this cohort study included: 1) Ͼ96 hrs between ALI diagnosis and enrollment or preexisting ALI of Ͼ24 hrs' duration when transferred to a study site ICU; 2) Ͼ5 days of mechanical ventilation during the current hospitalization before ALI and study enrollment; 3) preexisting illness with a life expectancy of Ͻ6 months or any limitation in the escalation of ICU care at the time of enrollment (with exception of a "no cardiopulmonary resuscitation" order); 4) prior lung resection; and 5) no fixed address or inability to speak or understand English (12) . Similar to the approach taken in development of the ARDSNet prediction model, patients with trauma as their primary ALI risk factor were excluded in this analysis as a result of their markedly lower mortality rate (8) .
Patient Demographic and Severity of Illness Exposure Variables. To be consistent with the development process undertaken for the ARDSNet model, the following categories of baseline exposure variables, which were prospectively collected from the medical record during the clinical study, are reported in this analysis: demographics, severity of illness, primary ALI risk factor, and laboratory and physiology data at the time of ALI diagnosis. In this study, illness severity was measured by the Charlson comorbidity index (14) , Acute Physiology and Chronic Health Evaluation (APACHE) II score at ICU admission (15) , and Sequential Organ Failure Assessment score at study enrollment (16) . Like in development of the ARDSNet prediction model, cumulative fluid balance was defined as total fluid intake minus output in the first day after ALI diagnosis.
Outcomes Variables. Consistent with the ARDSNet model, the primary outcome of this analysis was inhospital mortality with 28-day mortality evaluated as a secondary outcome. Discrimination of the ARDSNet model was also compared with the APACHE II scoring system calculated during the first 24 hrs after ICU admission.
Sensitivity Analyses. Two a priori sensitivity analyses were performed. First, the primary analyses were replicated in a subgroup of our external validation cohort, which was matched for the eligibility criteria of the ARMA trial originally used to develop the ARDSNet prediction model (7) . In this sensitivity analysis, patients were excluded from our external validation cohort if they met any of the following criteria: pregnant, tricyclic antidepressant overdose, hemoglobin SS/SC, severe chronic respiratory disease, morbid obesity, bone marrow transplant, lung transplant, and severe chronic liver disease. Second, this subgroup of patients from the first sensitivity analysis was further restricted to include only those patients whose mechanical ventilation was compliant with the ARDSNet protocol for low tidal volume ventilation during at least 50% of ventilator days.
Statistical Analysis. Continuous variables were reported as medians with interquartile range and categorical variables as proportions with comparison made using Wilcoxon rank sum, Student's t, and chi-square tests, as appropriate. A mortality prediction score was calculated for each patient using the original prediction model ( Table 1) (8) . Like in the development and validation of the ARDSNet model, its predictive ability was evaluated for both discrimination and calibration. Discrimination is the ability of the prediction model to distinguish between those persons with and those without the outcome (17) . Calibration refers to the agreement between predicted and observed (ie, actual) outcomes across the spectrum of risk strata (17) . To evaluate discrimination of the ARDSNet model using our external validation cohort, receiver operating characteristic curves of the model's point score with the cohort's observed mortality were plotted and assessed by calculating the area under the receiver operating characteristic curve (AUC). For comparison purposes, using data from our external validation model, the AUC was also calculated for the APACHE II score and statistically compared with the AUC of the ARDSNet model using the methods of Delong et al (18) . To evaluate calibration of the ARDSNet model, the observed mortality rates from our external validation cohort data were calculated and compared with the predicted mortality from the model for each strata of model's scores (0, 1, 2, 3, and 4ϩ). Two-sided p values were considered statistically significant when Ͻ .05. All analyses were performed using Stata 11.0 software (Stata Corporation, College Station, TX). The institutional review board at Johns Hopkins University and all participating sites approved the study.
RESULTS
Study Population. Of the 520 patients enrolled in our external validation cohort, 12 patients (2%) were excluded, for purposes of this analysis as a result of trauma as the primary risk ALI factor, leaving a sample size of 508 eligible patients. Demographics, primary ALI risk factor, illness severity, and laboratory and physiological data for this 508 patient external validation cohort are presented in Table 2 . Within this cohort, patient mortality at 28 days and hospital discharge was 37% and 46%, respectively. Patients who died were older with a greater severity of illness and physiological and laboratory abnormalities ( Table 2) .
Inhospital Mortality. The AUC for inhospital mortality using the ARDSNet and the APACHE II prediction models with our external validation patient cohort data ( Figure 1 ) was 0.67 and 0.70, respectively (p ϭ .207 for comparison), which was similar to the AUC of 0.68 in the ARDSNet internal validation cohort (ALVEOLI study) (8) . The predicted vs. the observed mortality for the ARDSNet development cohort (ARMA study), internal validation cohort (ALVEOLI study), and our external validation cohort was similar in both low-risk (score ϭ 0) and high-risk (score ϭ 3 or 4ϩ) patient strata (Table 3) . However, for patients in the intermediate-risk strata (score ϭ 1 or 2), observed inhospital mortality in our external validation cohort was substantially higher than predicted (25.3% vs. 16 .5% and 40.6% vs. 31.0% for scores ϭ 1 and 2, respectively).
Sensitivity Analysis. The a priori sensitivity analysis, which excluded patients from our external validation cohort who did not meet the eligibility criteria of the development cohort (ARMA study), left a sample size of 402 patients with inhospital mortality of 42%. In this sensitivity analysis, the AUC for inhospital mortality with our external validation model and APACHE II was 0.64 and 0.69, respectively (p ϭ .089 for comparison) vs. 0.68 in the ARDSNet internal validation cohort (ALVEOLI study). Compared with calibration in the primary results, this sensitivity analysis demonstrated similar differences in predicted vs. observed mortality in intermediate-risk patients (score ϭ 1 or 2) and growing differences in high-risk patients (score ϭ 3 or 4ϩ) with predicted mortality substantially higher than observed mortality in our external validation cohort (Table 3) . When the sensitivity analysis was further restricted to patients compliant with the ARDSNet ventilation protocol, there was no improvement in discrimination or calibration of the model.
Twenty-Eight-Day Mortality. For 28day mortality, the AUC of the ARDSNet model and APACHE II, using data from our external validation cohort, was 0.64 and 0.70, respectively (Figure 1 : p ϭ .039 for comparison) vs. 0.71 in the ARDSNet internal validation cohort (ALVEOLI study) (8) . The predicted vs. observed 28day mortality for the development (ARMA trial), internal validation (ALVEOLI trial), and our external validation cohorts was lower in both the low-risk (score ϭ 0) and intermediate-risk (score ϭ 1 or 2) patient groups (Table 4 ). However, in patients with the highest risk (score ϭ 4ϩ), the predicted mortality was substantially higher than our external validation cohort (60.0% vs. 50.3%, respectively).
Sensitivity Analysis. The mortality at 28 days, after applying the ARDSNet eligibility criteria (ARMA study) to our external validation cohort, was 33.6%. In this sensitivity analysis, the AUC for 28day mortality model and APACHE II was 0.62 and 0.71, respectively (p ϭ .006 for comparison). With respect to calibration, similar results were obtained in the sensitivity analysis compared with the primary analysis with the substantial difference between observed and predicted mortality being even greater in the highest risk (score ϭ 4ϩ) patient strata (Table  4 ). In the second sensitivity analysis, which further restricted this patient subgroup to only patients compliant with the ARDSNet ventilation protocol, there was no substantial improvement in the model discrimination and calibration (Table 4 ).
DISCUSSION
Using data from an independent cohort of 508 patients with ALI, we evaluated the generalizability of a recent AR-DSNet mortality prediction model. The ability of the ARDSNet model to distinguish between patients who do, and do not, die (ie, model discrimination) using the external patient cohort was comparable to the original ARDSNet development model from the ARMA study and to the APACHE II scoring system. Furthermore, in evaluating the predicted vs. observed mortality across strata of the ARDSNet model scores (ie, model calibration), we found that for both low-and high-risk patients (score ϭ 0 and score ϭ 3-4ϩ, respectively), inhospital mortality was similar with absolute differences in predicted vs. observed mortality of Ͻ5.5%. However, for intermediate-risk patients (score ϭ 1 and 2), the observed inhospital mortality was substantially higher (absolute differences approximately 9 -10%) than that predicted by the model. In two sensitivity analyses evaluating subsets of patients from our external validation co- IQR, interquartile range; ALI, acute lung injury; APACHE, Acute Physiology Assessment and Chronic Health Evaluation; ICU, intensive care unit; SOFA, Sequential Organ Failure Score; PaCO 2 , partial pressure of arterial carbon dioxide; PaO 2 , partial pressure of arterial oxygen; PEEP, positive end-expiratory pressure.
a Percent may not add to 100% as a result of rounding; all physiological and laboratory data were obtained from the first 24 hrs after ALI; b p value was calculated using Pearson chi-Square, Fisher's exact, and Wilcoxon rank-sum tests as appropriate; c n ϭ 507; one patient excluded because of insufficient data; d data provided only for patients on modes of ventilation that permit calculation of these measures; n ϭ 448 for minute ventilation, n ϭ 405 for plateau pressure, n ϭ 452 for PEEP; e n ϭ 460 resulting from exclusions because no arterial blood gas available for calculation; f n ϭ 496, 12 patients excluded because they did not remain in the ICU for 24 hrs; g n ϭ 505 and n ϭ 504 for minimum and maximum values, respectively, as a result of missing data; h n ϭ 492 and n ϭ 497 for creatinine and hematocrit, respectively, as a result of missing data. hort, the primary results did not substantially change. Thus, the ARDSNet model has reasonable discrimination but imprecise calibration for intermediate-risk patients when applied to our external validation cohort.
We believe that development of the ARDSNet model and evaluation of its generalizability is potentially helpful because an accurate mortality prediction model that is faster and less complex than existing models (eg, APACHE) may have value in stratifying cohorts of ICU patients according to their risk of mortality. Such accurate prognostic information is important for assessment of ICU performance and to help identify appropriate patient groups to exclude from enroll-ment into clinical trials (ie, patients who may be considered either "too healthy" or "too sick" to benefit an intervention aimed at improving mortality) (10, 19, 20) . However, the advantages of simple prediction models may become less relevant as automated calculations of more complex models are increasingly used. Also, routine calibration of mortality prediction models, like that of the ARDSNet study, is needed to account for differences in demographics and risk factors in different underlying populations and changes that may occur over time.
The ARDSNet model was developed using patient data from the ARMA trial and then validated in a very similar patient population using data from the subsequent AR-DSNet ALVEOLI trial (7) . As suggested by developers of the ARDSNet model (8), we undertook external validation of its transportability using data from a more recent prospective cohort study of patients with ALI from four teaching hospitals in Baltimore (12) . External validation involves quantifying the accuracy of a prediction model in patients with the same disease but from a population with different methods of patient selection, severity of illness, and ICU performance, staffing, resources, and technology (10) .
Some differences in patients' demographic, laboratory, and physiology data were observed between the ARDSNet model development cohort (ARMA trial) and our external validation cohort. In our external validation vs. the development cohort, the largest difference in demographic factors was a twofold greater proportion of black patients, which was not associated with crude hospital mortality in either cohort. Among those who died, in our external validation cohort vs. model development cohort (ARMA study), there was a much higher prevalence of both shock (ie, vasopressor use: 71% vs. 49%) and impaired renal function (ie, lower 24-hr urine output and higher median creatinine), perhaps as a result of a higher proportion of patients having either pulmonary and nonpulmonary sepsis (82% vs. 67%). These factors likely contribute to the higher inhospital mortality (46%) in our external validation cohort vs. the ARDSNet development model (33%) (8) . Including additional variables in the prognostic model may have addressed these issues and improved a Fourteen otherwise eligible patients did not have complete data for purposes of calculating the mortality prediction score and were excluded from analysis; total number of patients in categories 0, 1, 2, 3, and 4ϩ were 19, 79, 133, 116, and 147, respectively; b sensitivity analysis evaluated a subgroup of the external validation cohort, which was matched for the eligibility criteria of the clinical trial originally used to develop the ARDSNet prediction model; 12 patients were excluded from this analysis because of incomplete data; total number of patients in categories 0, 1, 2, 3, and 4ϩ were 19, 70, 115, 98, and 100, respectively. its calibration for this particular external validation cohort. In other ALI cohorts (eg, transplant or oncology patients with ALI), other additional prognostic factors would need to be considered for optimal model calibration.
Other issues also may have contributed to differences in mortality rates between the two cohorts. First, there are important differences in study design. The development cohort was part of interventional randomized trial requiring informed consent, whereas our external validation cohort was part of an observational study which had an institutional review board-approved waiver of consent for collection of existing data from the medical record. This difference eliminates previously identified patient exclusions based on age-and race/ethnicityrelated consent issues (21) . The mortality rate in the external validation cohort is similar to other observational studies of patients with ALI (5, (22) (23) (24) (25) . Second, the external validation cohort is derived from a study with more liberal eligibility criteria than the ARDSNet trials (12) . When the ARDSNet eligibility criteria were applied to our external validation cohort, the inhospital mortality rate decreased from 46% to 42%. Third, approximately 50% of patients in our external cohort received mechanical ventilation according to the ARDSNet protocol, whereas the ARDSNet model was developed and validated only in patients randomized to receive that protocol (8, 26) . When restricting our external validation cohort to only those patients who received mechanical ventilation compliant with the ARDSNet protocol, inhospital mortality decreased to 33%. Fourth, although there are many measured variables to objectively compare the development cohort with our external validation cohort, additional unmeasured variables may differ between the cohorts, especially given the differences in study designs. For example, moribund patients were not enrolled in the randomized trials but could be enrolled in the observational study, which served as the external validation cohort. Such differences may have accounted for the lower mortality in the development cohort vs. our external validation cohort.
There are important strengths of this study. Our external validation cohort is derived from a well-defined, prospective, multisite, observational study of patients with ALI with good variability in patient and clinical factors. Furthermore, its more recent timing, larger number of mortality outcomes, and less strict eligibility criteria than the ARDSNet cohorts are important factors in evaluating generalizability of the ARDSNet prediction model.
There are also several potential limitations to this study. Our external validation cohort recruited patients from ICUs that participate in ARDSNet trials; however, our external cohort was more recent and did enroll patients with broader eligibility criteria and differing characteristics from the earlier ARDSNet cohorts used in developing and internal validating the prediction model. In addition, our external validation cohort was recruited from four teaching hospitals in one city and, hence, may not be representative of patients at nonteaching hospitals or pa-tients located in other geographic locations. These issues may have biased the external validation results toward better discrimination and calibration. Consequently, further evaluation of the ARDS-Net prediction model in other ALI cohorts would be helpful.
In conclusion, we examined the generalizability of the ARDSNet mortality prediction model using data from a multisite prospective cohort study. The model's ability to discriminate inhospital survival is similar to APACHE II and to the ARDSNet development and internal validation models. However, the observed mortality among intermediate-risk patients was higher than that predicted by the model. Thus, the ARDSNet model provides reasonable, but imprecise, estimates of predicted mortality when applied to our external validation cohort of patients with ALI. a Fourteen otherwise eligible patients did not have complete data for purposes of calculating the mortality prediction score and were excluded from analysis; total number of patients in categories 0, 1, 2, 3, and 4ϩ were 19, 79, 133, 116, and 147, respectively; b sensitivity analysis evaluated a subgroup of the external validation cohort, which was matched for the eligibility criteria of the clinical trial originally used to develop the ARDSNet prediction model; 12 patients were excluded from this analysis because of incomplete data; total number of patients in categories 0, 1, 2, 3, and 4ϩ were 19, 70, 115, 98, and 100, respectively.
